ABSTRACT: Myelencephalon-specific protease (MSP), first identified in the rat and now known to have a human homologue (human kallikrein 6), is preferentially expressed in the central nervous system (CNS), compared with nonneural tissues. MSP has been postulated to have trypsin-like activity, is upregulated in response to glutamate receptor-mediated excitotoxic injury in the CNS, and is downregulated in the brain of Alzheimer's patients. The preferential expression of this enzyme by oligodendrocytes in CNS white matter points to a role in myelin homeostasis. To further characterize the activity and substrate specificity of this newly identified enzyme, we have heterologously expressed MSP in a baculovirus/insect cell line system. We demonstrate that recombinant MSP exhibits a broad specificity for cleavage after arginine but not lysine residues, with kinetic characteristics intermediate between trypsin and pancreatic kallikrein. We show that the pro form of MSP does not self-activate but, rather, requires cleavage after lysine, indicating that mature active MSP is regulated by a distinct protease. MSP may be regulated in part by autolysis, since the active protein is readily inactivated through autolysis at specific internal arginine positions. Additionally, we show that MSP is abundantly expressed in inflammatory cells at sites of demyelination in the Theiler's murine encephalomyelitis virus (TMEV) model of multiple sclerosis (MS). In conjunction with data demonstrating the ability of MSP to degrade myelin-associated as well as several extracellular matrix proteins, these findings delineate MSP as a broad-specificity arginine-specific protease with the potential to play a key role in immune-mediated demyelination.
The mouse and rat kallikrein gene families are characterized by a large number of closely related members that presumably arose due to gene duplication events (1) (2) (3) (4) (5) . The different kallikreins are characterized by a high degree of amino acid identity but different preferences for peptide substrates (6) (7) (8) (9) (10) (11) . Until recently, it was believed that the mouse and rat were unusual in their large number of glandular kallikrein genes and that humans had only three such genes (12) . However, recent work indicates that humans have a large multigene family of at least 15 different kallikreins, like the mouse and rat (13) .
Members of the kallikrein gene family exhibit differential tissue expression (3, (14) (15) (16) . Myelencephalon-specific protease (MSP) 1 is a member of the kallikrein gene family, first identified in the rat, that is primarily expressed in the brain and spinal cord and is upregulated in these tissues in response to glutamate receptor-mediated excitotoxic injury (17) . Potential human homologues to rat MSP have also been identified and include protease M (18) , zyme (19) , and neurosin (20) . Mouse homologues to MSP have been reported as brain and skin serine protease (BSSP) (21) and brain serine protease (BSP) (22) . The human homologue appears to be the kallikrein referred to as human kallikrein 6 (hK6) (23) . Studies of rat MSP and mouse protease M/neurosin have demonstrated preferential expression in oligodendrocytes (17, 24, 25) . It has therefore been postulated that MSP/protease M/neurosin may play a key role in the regulation of myelin turnover and in demyelinating disease (17, (24) (25) (26) . Furthermore, it has been reported that while MSP/protease M/neurosin is detected in normal brain, it is downregulated in the brain of patients with Alzheimer's disease, suggesting that it may also play a role in the degradation of -amyloid or turnover of amyloid precursor protein (27, 28) .
Although critical to understanding the role(s) of MSP in the CNS, the kinetic properties of this enzyme have not been elucidated. We have characterized active recombinant rat MSP, produced in milligram quantities from a baculovirus/ insect cell line expression system, without the need for refolding. This characterization includes the nature of the activation and autolysis of MSP, the determination of K m and k cat kinetic constants against a series of peptide substrates that allow direct comparison of preferences at the P1 or P2 position, and the activity of MSP against a series of myelinrelated and extracellular matrix proteins. Importantly, the results show that MSP is an arginine-specific protease exhibiting broad specificity at the substrate P2 position and is subject to autocatalytic inactivation. Data are presented to show the potential activity of MSP in both tissue remodeling and demyelination, in that MSP is densely expressed by inflammatory cells at sites of demyelination in the TMEV model of MS, and MSP readily cleaves both extracellular matrix and myelin-specific proteins.
MATERIALS AND METHODS
Expression and Purification of Recombinant MSP. cDNA encoding the sequence for the mature form of MSP (17) was inserted into the pBAC3 transfer vector (Novagen, Madison, WI) immediately 3′ to the enterokinase (EK) recognition sequence of (Asp) 4 Lys. This resulted in a 44 amino acid synthetic prosequence (ending in the EK recognition sequence) leading into the amino-terminal Val-Val-His-Gly sequence of the mature form of MSP (17) . Expression of MSP in the pBAC3 transfer vector utilized the BacVector transfection system (Novagen, Madison, WI). The Sf9 insect cell line, in conjunction with sf-900 II serum-free media (Life Technologies, Rockville, MD), was used for preparation of high-titer (i.e., >10 9 pfu/mL) viral stock. The TN5 (High5, Invitrogen Corp., Carlsbad, CA) insect cell line was used for production of expressed protein by the viral stock. Recombinant MSP protein was purified in a single step utilizing the His-tag fusion and nickel affinity resin (Ni-NTA). The eluted MSP fraction was pooled and extensively dialyzed versus 40 mM Tris-HCl, pH 7.5 (or 40 mM sodium acetate, pH 4.5), using 6-8 kDa molecular mass cutoff dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA).
Homogeneity of Purified MSP. Homogeneity of purified MSP was evaluated using amino-terminal sequencing, mass spectrometry, and size exclusion high-performance liquid chromatography (HPLC). For mass spectrometry the pooled fraction from the Ni-NTA column was dialyzed against 40 mM sodium acetate, pH 4.5. MALDI-TOF mass spectrometry was performed on a Bruker Biflex III mass spectrometer (Bruker Daltonics, Billerica, MA). Instrument control, data acquisition, and analysis were performed using the XACQ and XMASS software programs (Bruker Daltonics, Billerica, MA). The spectrometer was calibrated using the singly and doubly protonated molecular ion signals of equine apomyoglobin (Sigma Chemical Co., St. Louis, MO) as internal standards, and 100 laser shots were accumulated per mass spectrum. Size exclusion chromatography was performed on a Superdex 200 HR 10/30 column (Pharmacia Corp., Kalamazoo, MI) in 50 mM sodium acetate and 150 mM sodium chloride, pH 4.5. Retention times as a function of molecular mass were determined using standards of bovine serum albumin (66.4 kDa), carbonic anhydrase (29.0 kDa), and cytochrome c (12.4 kDa). Amino-terminal sequencing was performed on an Applied Biosystems Procise 492 protein sequencer (Applied Biosystems, Foster City, CA).
ActiVation of MSP by Enterokinase. Cleavage of the propeptide sequence from the mature MSP protein was achieved by enterokinase digestion (Roche Diagnostics Corp., Indianapolis, IN). Separation of the propeptide and enterokinase from mature MSP was performed using Sephadex G-50 gel filtration (Pharmacia Corp., Kalamazoo, MI) in 40 mM sodium acetate and 100 mM NaCl, pH 4.5. Enzymatic activity of MSP was monitored by following the hydrolysis of benzoyl-L-arginine p-nitroanilide substrate (L-BAPNA; Sigma Chemical Co., St. Louis, MO). The molar extinction coefficient of mature MSP was calculated as ) 33225 M -1 cm -1 using the method of Gill and von Hippel (29) . Autolysis of MSP. Autolysis of mature MSP and effects upon enzymatic activity were evaluated using SDS-PAGE, activity assays with L-BAPNA, and N-terminal peptide sequencing. Mature MSP in 100 mM Tris-HCl, pH 8.5, was incubated at 37°C, and samples at time points of 0, 15, 30, 60, 90, 120, and 240 min were taken. Identical samples were evaluated using the L-BAPNA assay and 16.5% Tricine SDS-PAGE (30) . Polypeptides resolved by the Tricine SDS-PAGE were transferred by electroblotting to polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA) and then subjected to amino-terminal peptide sequencing on an Applied Biosystems Procise 492 model protein sequencer (Applied Biosystems, Foster City, CA).
Determination of Kinetic Constants. Details of the synthesis of the peptide p-nitroanilide substrates will be described elsewhere. All reactions were carried out in 50 mM Tris-HCl and 0.1mM EDTA, pH 8.5 at 37°C. The formation of the p-nitroanilide chromophore was monitored by absorbance at 405 nm using a Beckman Model DU640 spectrophotometer and thermostatically controlled cuvette. A molar extinction coefficient of ) 9767 M -1 cm -1 was used in calculating the rate of product formation (31) . Reaction rates were determined by a linear fit to the kinetic data for the period of 100-240 s after introduction of the sample into the spectrophotometer (the initial 100 s being needed for temperature equilibration). Enzyme concentrations were chosen so as to limit substrate hydrolysis to less than 10% over the time course of the experiment. Practical substrate ranges were between 0.01 and 2 mM. Serial 1:2 dilutions (typically nine total) of substrate concentrations were chosen to cover as wide a range as possible on either side of the determined K m value for that substrate. Steady-state kinetic constants K m and k cat were determined from averaged duplicate data sets of initial reaction rate versus substrate concentration by nonlinear fitting to the Michaelis-Menten equation (DataFit, Oakdale Engineering, Oakdale, PA).
Hydrolysis of aminomethylcoumarin (AMC) substrates (Bachem, King of Prussia, PA) was performed in the same Tris buffer with the addition of 4% DMSO to aid solubility. Hydrolysis of the AMC substrates was monitored fluorometrically with an excitation wavelength of 380 nm and an emission wavelength of 460 nm on a Varian Cary Eclipse fluorescence spectrophotometer (Varian, Inc., Palo Alto, CA). Determination of steady-state kinetic constants followed the same procedure as with the p-nitroanilide substrates.
Digestion of Myelin-Associated Proteins by MSP. The choice of enzyme:substrate ratios used in the digestion of protein substrates by MSP and the time course of the experiments were chosen so as to facilitate recovery of digestion fragments for amino acid sequence analysis. Rat myelin basic protein (MBP) isolated from rat spinal cord was added to MSP at a 1000:1 mass ratio in 50 mM Tris and 100 mM NaCl, pH 8.0. This mixture was incubated at 37°C, and time points were taken at 0, 1, 2, 5, 10, 30, and 60 min. The MBP and potential degradative fragments were analyzed using Tricine SDS-PAGE (16.5%). Polypeptides resolved by the Tricine SDS-PAGE were transferred by electroblotting to PVDF membrane and subjected to aminoterminal peptide sequencing. Recombinant rat myelin oligodendrocyte glycoprotein (RMOG), consisting of the aminoterminal extracellular domain (residues 1-125), was added to MSP at a 100:1 mass ratio in 50 mM Tris and 100 mM NaCl, pH 8.0. This mixture was incubated at 37°C, and time points taken at 0, 1, 4, and 12 h. The digested sample was resolved using Tricine SDS-PAGE (16.5%). Polypeptides resolved by the Tricine SDS-PAGE were transferred by electroblotting to PVDF membrane and subjected to amino-terminal peptide sequencing. The digested mixture from the 1 h time point was fractionated by HPLC, and the major peaks were collected and subjected to amino-terminal sequence analysis.
Digestion of Extracellular Matrix Proteins. Rat tail collagen type I (Sigma Chemical Co., St. Louis, MO) was reconstituted at a concentration of 5.0 mg/mL in 0.25% acetic acid. Heat-denatured soluble type I collagen (gelatin) was prepared by heating for 10 min at 95°C in 100 mM TrisHCl, pH 8.5. For digestion of type I collagen a final concentration of 2.9 mg/mL collagen was incubated with 0.14 mg/mL mature MSP (for a 21:1 w/w ratio of collagen:MSP). For digestion of gelatin prepared from collagen a final concentration of 2.9 mg/mL gelatin was incubated with 0.10 mg/mL mature MSP (for a 28:1 w/w ratio of gelatin:MSP). Aliquots of the digestion mix were taken at 0, 5, 30, and 60 min, resolved on 7.5% SDS-PAGE, and visualized by Coomassie blue staining.
Laminin from basement membrane of Engelbreth-HolmSwarm mouse sarcoma (Sigma Chemical Co., St. Louis, MO) was diluted in TBS, pH 7.5, to a concentration of 1 mg/mL. Active MSP was added to a concentration of 4.2 µM (10:1 w/w ratio of laminin:MSP). The sample was incubated at 37°C, and aliquots of the digestion mix were taken at 0, 1, and 24 h, resolved on 7.5% SDS-PAGE, and visualized by Coomassie blue staining.
Murine fibronectin (Life Technologies, Rockville, MD) was used as provided as a stock solution of 1.0 mg/mL in 2.7 mM potassium chloride, 340 mM sodium chloride, 8 mM sodium phosphate, 1.5 mM potassium phosphate, and 10% glycerol, pH 7.3. Mature MSP was added to a final concentration of 4.2 µM (10:1 w/w ratio of fibronectin:MSP). The sample was incubated at 37°C, and aliquots were taken and analyzed in a manner identical to that of the laminin digestion.
Immunohistochemical Localization of MSP in TMEVInduced Demyelination. TMEV produces chronic progressive demyelination in susceptible mice and is the most relevant available virus-induced model of immune-mediated demyelination (32, 33) . Six-week-old female SJL/J (H-2 s ) mice (Jackson Laboratories, Bar Harbor, ME) were injected intracerebrally with 2 × 10 6 pfu of Daniel's strain of TMEV in a 10 µL volume. At 90 days postinfection, mice were perfused transcardially with 4.0% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.3). Spinal cords were sectioned transversely into 1 mm blocks and embedded in paraffin.
Immunohistochemical localization of MSP in TMEVinfected spinal cord tissue was achieved using a polyclonal antibody, generated against active recombinant MSP, described herein. The antibody was generated by immunizing New Zealand White rabbits intradermally with 250 µg of active recombinant MSP in Freund's complete adjuvant, followed by 100 µg of subcutaneous boosts in Freund's incomplete adjuvant every 3 weeks over a period of 15 weeks. The IgG fraction was purified over a protein A column from the final production bleed (Covance Research Products Inc., Denver, PA). Slide-mounted 5 µm transverse paraffin sections of control or TMEV-infected spinal cords were deparaffinized, rehydrated, and processed to localize MSP and/or the macrophage marker isolectin B 4 (Sigma Chemical Co., St. Louis, MO), essentially as described previously (25, 34) . Briefly, sections were preincubated in Citra solution (BioGenex, San Ramon, CA), and nonspecific binding was blocked by incubation in 20% normal goat serum (NGS) in 0.1 M PBS for 20 min at 25°C. The purified MSP-specific antibody was applied to tissue sections at a concentration of 5 µg/mL in 10% NGS and incubated overnight at 4°C. After being washed in PBS, MSPimmunolabeling was visualized using standard immunoperoxidase techniques. The colocalization of MSP immunolabeling to macrophages in the same tissue section was achieved by application of fluorescein-(FITC-) conjugated isolectin B 4 (diluted 1:50 in 10% NGS). Tissue sections were finally washed in PBS, rinsed in doubly distilled H 2 O, and cover slipped with 90% glycerol (pH 8.0). No immunostaining was observed in the absence of primary antibody, and the newly generated rabbit polyclonal antibodies used in this study yielded staining patterns identical to those obtained using monoclonal antibodies generated against MSP-specific peptides (25, 34) . Sections were viewed on an Olympus AX70 microscope, using transmitted light to view MSPspecific peroxidase labeling, and under fluorescence (excitation 460-490 nm, emission 515-550 nm) to view FITCconjugated isolectin B 4 , in the same tissue section. All images were collected digitally with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI).
Western Blotting of MSP in Tissue Homogenates. Tissue homogenate from rat spinal cord, brain, and kidney was thawed on ice and centrifuged at 20000 rpm for 30 min at 4°C
. Twenty microliters of cleared homogenates and 10 ng of active rMSP control were loaded onto a 15% SDS-PAGE gel. Transblotting onto PVDR membrane was carried out in 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, 0.005% (w/v) SDS, and 10% methanol, pH 11.05, at 80 V for 3 h. Hybridization and detection were carried out according to the manufacturer's protocol with 3% gelatin in TBS (pH 7.6) and 0.1% Tween 20 as a blocking agent (ECL Western blotting analysis system, Amersham Pharmacia Biotech, Piscataway, NJ). The primary antibody was rabbit polyclonal raised against the active form of rMSP at 1:2000 dilution with TBS (pH 7.6) and 0.1% Tween 20. The secondary antibody was horseradish peroxidase-conjugated donkey antirabbit at a dilution of 1:10000 with TBS (pH 7.6) and 0.1% Tween 20. Autoradiography was performed using Kodak X-Omar scientific imaging film.
RESULTS

Expression and Purification of Recombinant MSP.
Optimal expression of recombinant MSP was achieved using a multiplicity of infection of 1.0 and harvesting the culture supernatant at 48 h postinfection (Figure 1 ). The MSP eluting from the Ni-NTA resin was judged to be better than 98% pure by Coomassie blue stained SDS-PAGE, resulting in essentially a single-step purification (Figure 1) . The typical yield of purified MSP zymogen was between 10 and 25 mg/L of TN5 culture media.
Homogeneity of Purified MSP. Amino-terminal sequence analysis of the purified MSP zymogen revealed that the first five amino acids were alanine, methionine, valine, histidine, and histidine. This sequence matched the first five amino acids of the vector-derived 44 amino acid propeptide sequence and indicated that the expressed MSP was correctly cleaved after the anticipated signal peptide recognition sequence (and secreted into the media). MALDI-TOF mass spectroscopy analysis resulted in a single peak with a mass of 29558 Da (Figure 1 ). This agrees very well with the calculated molecular mass for the secreted pro form (with synthetic propeptide sequence) of 29552 Da. The results of size exclusion chromatography for the purified pro-MSP show a single peak eluting at 41.1 min, or a slightly larger apparent mass compared to the carbonic anhydrase standard (retention time of 41.4 min and mass 29025 Da). The mass spectroscopy and HPLC results indicate that there is no posttranslational modification such as glycosylation or proteolysis of the purified pro-MSP. The results also indicate that the native state of the MSP is entirely monomeric and homogeneous, with no significant aggregated states or disulfide-linked multimers.
ActiVation of MSP by Enterokinase and Autolysis of MSP. Addition of enterokinase to the purified synthetic pro form of MSP resulted in the hydrolysis of the polypeptide chain with production of an ∼24 kDa mass peptide as determined by SDS-PAGE (Figure 2) . However, cleavage of the propeptide by added enterokinase at pH 7.0-8.0 was quickly followed by an additional internal cleavage in the mature MSP. This secondary cleavage event was prevented by lowering the pH to 4.5 during enterokinase treatment (30-60 min at 37°C). After removal of residual enterokinase and the ∼6 kDa propeptide fragment by gel filtration, the mature MSP remained a single-chain form at pH 4.5. Mass spectroscopy analysis of the G-50 purified active form of MSP showed a single peak with a mass of 24881 Da, in excellent agreement with the calculated mass of 24897 ( Figure 2) . Amino-terminal analysis yielded the correct mature sequence of Val-Val-His-Gly (17) .
Incubation of purified mature MSP at pH 7.0, or higher, resulted in the internal cleavage observed during enterokinase activation and concomitant reduction in yield of enzymatic activity. Amino-terminal sequencing of the SDS-PAGEresolved fragments identified two adjacent peptide sequences, in essentially equimolar concentrations, corresponding to a cleavage between residues arginine 74 and glutamine 75 and between residues arginine 81 and glutamine 82 (numbering scheme of chymotrypsin). A time course of these autolysis events demonstrated that enzymatic activity against L-BAPNA decreased simultaneously with generation of these internal cleavages (Figure 3 ). SDS-PAGE in the presence and absence of -mercaptoethanol indicated that disulfide bonds were formed between the fragmented regions of the protein, as is predicted from the characteristic disulfide bond pattern in serine-type proteases (data not shown).
Determination of Steady-State Kinetic Constants. Kinetic constants for the hydrolysis of L-BAPNA by the processed mature form of MSP are listed in Table 1 . The active MSP exhibited characteristic Michaelis-Menten kinetics with all substrates. No hydrolysis of L-BAPNA was observed with the pro form. Kinetic constants for the hydrolysis of the tripeptide substrates N-Ac-Glu-Leu-Arg-pNa (AcELRpNa) and N-Ac-Ala-Thr-Arg-pNa (AcATRpNa) are listed in Table   2 , and hydrolysis of the AMC tripeptide substrates are listed in Table 3 .
Digestion of Myelin-Associated Proteins by MSP. Rat myelin basic protein (MBP) was extensively degraded by MSP such that no fragments resolvable on 20% SDS-PAGE remained after overnight digestion. During the initial incubation period a characteristic pattern of four lower molecular mass fragments emerged during the digestion (fragments A-D, Figure 4 ). Sequence analysis indicated that fragments A and D share the same amino terminal sequence, while fragments B and C are uniquely different (Table 4 ). Rat a Included are kinetic constants reported under identical conditions for the mouse glandular kallikreins mGK-3 (γ-subunit of nerve growth factor), mGK-9 (epidermal growth factor binding protein), bovine trypsin (BPT), and porcine kallikrein (PPK) (6). a Also included are kinetic constants reported under identical conditions for the mouse glandular kallikreins mGK-3 (γ-subunit of nerve growth factor), mGK-9 (epidermal growth factor binding protein), bovine trypsin (BPT), and porcine kallikrein (PPK) (6). RMOG exhibited a rapid cleavage event upon incubation with MSP that reduced the molecular mass from 15.5 to 14.7 kDa (Figure 4) . However, amino-terminal sequencing shows this cleavage site to be within an amino-terminal leader sequence derived from the cloning vector polylinker. Internal sites of the RMOG protein are much more resistant to cleavage. However, slow hydrolysis at several internal sites is apparent (Figure 4) . Amino acid sequence analysis indicates the presence of at least seven internal sites of cleavage by MSP. These sites all occur after arginine residues and contain phenylalanine, isoleucine, tyrosine, serine, or valine at the P2 position.
Digestion of Extracellular Matrix Proteins. Intact rat collagen type I exhibited no apparent digestion by MSP. Heat-denatured collagen type I (gelatin), however, was rapidly degraded over the course of several minutes ( Figure  5 ). Mouse laminin was also rapidly degraded by MSP, yielding a protease-resistant polypeptide of ∼140 kDa and numerous small polypeptide fragments ( Figure 5 ). Rat plasma fibronectin was rapidly degraded to a polypeptide with an apparent molecular mass of ∼200 kDa. This polypeptide was subsequently degraded to numerous smaller fragments after overnight digestion ( Figure 5) .
MSP ImmunoreactiVity in TMEV-Induced Demyelination. We have previously shown that MSP is densely expressed by oligodendroglia of the adult rodent and human spinal cord white matter (17, 25, 34) . This is confirmed in the present Figure 4 . study ( Figure 6 , panel A) using newly generated polyclonal antibodies raised against the active recombinant MSP protein.
Examination of the spinal cord white matter of mice 90 days following infection with TMEV revealed dense immunostaining for MSP associated with inflammatory cells, both within perivascular cuffs and within the substance of the cord white matter at sites of demyelination ( Figure 6, panel B) .
Immunostaining of the same tissue section for the macrophage marker, isolectin B 4 , indicated that many, but not all, MSP immunoreactive inflammatory cells were also isolectin B4 positive ( Figure 6 , panel C).
DISCUSSION
The original hypothesis of MSP activity, as deduced from amino acid sequence information, was that MSP would be a broad-specificity trypsin-like digestive protease (17) . Given that MSP is abundantly expressed in the brain and spinal cord and is upregulated in response to glutamate receptormediated excitotoxic injury, the potentially broad substrate specificity of this enzyme is of considerable significance with regard to the maintenance of normal brain function. While MSP has not previously been characterized, some general enzymatic properties of a related mouse protease (mouse brain serine protease, 88% identity with MSP) have been reported (22) . Although this protease (isolated from an Escherichia coli expression host) required refolding to demonstrate activity, and K m and k cat kinetic constants were not determined, analysis of various peptide substrates suggested a general preference for cleavage after arginine residues. Thus, one of the goals of the present study was to quantitate the preference of lysine or arginine in the P1 position, as well as the influence of chemically disparate residues in the P2 position.
The preference for arginine versus lysine at the substrate P1 positions was quantitated by determination of kinetic constants K m and k cat and comparing the catalytic efficiency (k cat /K m ) toward a lysine aminomethylcoumarin substrate compared to the arginine homologue (Table 3) . MSP is shown to have a 74-fold greater catalytic efficiency for cleavage after arginine compared to lysine residues in a peptide substrate. Thus, MSP does not have as broad a specificity at the P1 position in comparison to trypsin and is more similar to proteases such as porcine kallikrein or thrombin in being selective for arginine over lysine at this position (36) (37) (38) . This P1 site specificity distinction in comparison with trypsin also extends to overall catalytic efficiency. MSP is much more similar in this regard to porcine kallikrein than to trypsin, as determined by catalytic efficiency toward L-BAPNA or tripeptide substrates (Tables  1 and 2 ).
Determination of kinetic constants for peptide substrates with identical P1 residues, and different P2 residue positions, as well as sequence analysis of the cleavage sites in protein substrates, allowed us to evaluate the P2 site specificity of MSP. These results showed that there is little apparent preference at the substrate P2 position. Residues in the P2 position at the sites of autolysis included leucine and glutamine. Residues in the P2 position at the cleavage sites of MBP included proline, threonine, and histidine (Table 4) , and the limited digest of RMOG occurs at arginine residues with a variety of residues (mostly hydrophobic) at the P2 position. Furthermore, MSP exhibits a similar catalytic efficiency toward two tripeptide substrates tested with chemically different types of residues at the P2 position (leucine versus threonine). Together, these data suggest little distinction between hydrophobic, polar, basic, or acidic residues at the P2 position. Selectivity for arginine in the P1 position and minimal discrimination at the P2 position suggest that MSP can be characterized as a serine protease, selectively expressed in the CNS, that selectively targets arginine-containing peptides for degradation. MBP is a myelin-associated protein that is rich in arginine residues with a variety of different amino acids on either side of these arginines. Such a protein would therefore be predicted to be efficiently degraded by MSP. The incubation of MSP with MBP demonstrates that MSP rapidly degrades MBP due to hydrolysis at essentially all of the internal arginine positions (Figure 4) .
Being an arginine-specific degradative type protease, with a demonstrated ability to hydrolyze a variety of extracellular matrix and central nervous system-specific proteins, suggests that the unregulated activity of MSP in the CNS could be highly deleterious to normal brain function. Here we have studied changes in MSP immunoreactivity which ensue following infection with TMEV, known to produce CNS demyelinating disease that closely resembles plaques present in human MS. We have demonstrated that MSP is localized to inflammatory cells at sites of demyelination, including macrophages, known to actively degrade myelin debris. Additionally, in conjunction with data showing that MSP cleaves all of the main components of the blood brain barrier, i.e., laminin, fibronectin, and type IV collagen, we hypothesize that an additional function of MSP production by inflammatory cells may be to facilitate the extravasation of inflammatory cells into the CNS. While several mechanisms may be required to initiate clinical disease in MS, the data presented suggest that MSP may be one of the effector molecules mediating both inflammation and myelin breakdown. Understanding the regulatory cascade governing the enzymatic activity of MSP, therefore, becomes important not only to our understanding of its function in the normal CNS but also to the contribution it may make to immune-mediated demyelination.
Natural MSP is expressed as a pro form with an aminoterminal activation peptide sequence of Ser-Glu-Asp-GlnAsp-Lys (17) . Activation requires proteolytic cleavage after the lysine residue in this propeptide. In addition to construction of the enterokinase recognition sequence [(Asp) 4 Lys] as the MSP propeptide, expression of the natural activation hexapeptide was also evaluated. While the natural prosequence construct yielded equivalent amounts of expressed protein, MSP was not able to self-activate. Addition of small amounts of mature active MSP resulted in cleavage at the internal autolysis site(s) rather than cleavage of the prosequence. In total, these results indicate that the activation of MSP is tightly regulated in the CNS, occurring through the action of an enterokinase-like lysine-specific regulatory protease in the brain and spinal cord.
One of the properties of active MSP demonstrated in this report is the ability to efficiently autolyze at two adjacent internal sites (after residues Arg74 and Arg81). A comparison of the progress of cleavage and the loss of enzymatic activity toward L-BAPNA suggests that these internal cleavages result in a form of MSP with no apparent residual enzymatic activity ( Figure 3 ). This is similar to the regulatory feature of rat trypsin, which can autocatalytically inactivate by internal cleavages between residues Lys61-Ser62 and Arg117-Val118 (39) (40) (41) . This is also in contrast to the various autolytic sites in the mouse glandular kallikreins, which occur without inactivation of the enzymes (42, 43) . The autolysis sites within trypsin function as a regulatory mechanism, and mutations that abolish this autolysis may be responsible for one type of pancreatitis (41, 44) . Thus, we postulate that the autolysis observed in MSP represents a similar regulatory mechanism, which likely contributes to the tight regulation of its activity in the brain.
In addition to autolysis, MSP is also likely to be regulated by formation of an inhibitor complex. Western blots of brain, spinal cord, and kidney tissues using a rabbit polyclonal antisera raised against recombinant MSP indicate the presence of high molecular mass MSP cross-reacting material. These findings suggest the presence of SDS-resistant MSP/ inhibitor complexes, with derived masses of approximately 42 and 91 kDa (Figure 7) . The larger 91 kDa complex is found primarily in the kidney, whereas the 42 kDa complex is found predominantly in the brain and spinal cord, suggesting the possibility of unique MSP inhibitors in neural compared with nonneural tissues. Taking into account an apparent PAGE mass of 25 kDa for mature MSP on SDS-PAGE, the mass of the associated binding protein(s) would be approximately 17 kDa for brain and 66 kDa for kidney. An important goal of future studies will be to identify and characterize these complexes.
Although both rat MSP and its human homologue, hK6, are preferentially expressed in the brain, significant levels of the enzyme are also present in other organs. Levels of hK6 have been shown to be upregulated both in primary ovarian tumor tissue (18) and in the sera of ovarian cancer patients (23) . Notably, tumor growth and invasion are associated with the degradation of extracellular matrix barriers, including laminin and fibronectin. Taken with the demonstration in the present study that MSP rapidly and specifically degrades both laminin and fibronectin, these data support the view that increased levels of MSP may participate in tumor pathogenesis or progression.
The rapid degradation of MBP by MSP, the preferential expression of MSP in oligodendroglia within the white matter of the normal adult human brain (26) , and the high levels of MSP associated with inflammatory cells at sites of immunemediated demyelination point to a role for MSP in myelin homeostasis and also potential demyelination. As an additional consideration, peptide fragments of MBP can induce a T-cell-mediated inflammatory response, referred to as experimental autoimmune encephalomyelitits (EAE), producing an MS-like demyelinating pathology (45) . The efficient degradation of MBP by MSP and the association of MSP with inflammatory cells at sites of demyelination suggest that MSP-driven MBP degradation could generate encephalitogenic epitopes, which may contribute to the pathogenesis of MS. RMOG, a transmembrane glycoprotein, with a single Ig-like extracellular amino-terminal domain, is localized on the surface of myelin sheaths (46) . This compact, disulfide-stabilized structure appears to be more resistant to digestion by MSP than MBP. Nevertheless, MSP was able to slowly degrade RMOG. Studies have shown that the amino-terminal extracellular domain can stimulate autoimmune-mediated demyelination (47) (48) (49) . Thus, the activity of MSP against both MBP and RMOG, together with its demonstrated abundant expression in the adult CNS, supports the hypothesis that MSP plays a role in myelin turnover (17, 25, 26) , both in the normal brain and in demyelinating disease. These data further underscore the importance of understanding the regulatory mechanisms of this enzyme, which could potentially be harnessed to affect brain pathology.
